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Abstract

A total of ten acoustic grenade soundings were carried out from Kronogard,
Sweden (66N) and Barrow, Alaska (71N) during the summers of 1963 through
1965 to determine the relationship between temperature structure in the atmos-
phere and the occurrence of noctilucent clouds. The results of the observations
at Barrow display remarkable uniformity with temperature variations generally
on the order of 3 to 4K from sounding to sounding at any given altitude through-
out the mesosphere. Extremely cold mesopause temperatures ranging from 132
to 140K and steep uniform mesospheric lapse rates were observed in all of the
soundings. Soundings were made alternately with and without noctilucent cloud
displays within a period of less than 48 hours. No significant difference in the

temperature structure was noted between the presence and absence of clouds.

Of the six soundings conducted at Kronogard, four were carried out during
noctilucent cloud displays and two served as control soundings. Here again,
the mesopause temperatures ranged from 130 to 148K and no significant dif-
ference in the mesopause temperature was observed between the cloud and no-

cloud categories.

The seasonal temperature variations in the mesosphere at high latitudes
are believed to result from a meridional circulation in the upper atmosphere
which also provides a mechanism for the transport of water vapor from the
troposphere to the high latitude summer mesosphere. Supersaturation by small

amounts of water vapor is quite feasible in the narrow layer near the mesopause



where these extremely cold temperatures were observed and freezing would
undoubtedly occur with the introduction of sublimation nuclei into this region.
These results lead to the conclusion that noctilucent clouds are composed of
particles which grow, by a process of sublimation, to sufficient size to scatter
sunlight as they fall through or are suspended in the low temperature mesopause
and that a mesopause temperature of less than 140 to 150K is a necessary but

not sufficient condition for the existence of noctilucent clouds.




MEASURED TEMPERATURE STRUCTURE IN NOCTILUCENT CLOUDS
by
J. S. Theon, W. Nordberg and W. S. Smith

1. Introduction

Noctilucent clouds have been the subject of scientific interest for many
years because of the great heights above the earth at which they occur. The
clouds have generally been observed at altitudes ranging from 78 to 90 km with
the majority of observations indicating a cloud height of about 83 km (Fogle, 1966).
These clouds have been sighted only at high latitudes and there most frequently
during the four to six week period following the summer solstice. Noctilucent
clouds are visible only during the time when the sun is below the observer's
horizon and the clouds are directly illuminated by sunlight against a darkened
sky background. The high latitudes provide favorable geometry for observation
of the clouds for considerably longer periods each day than the middle and low
latitudes, but there is strong evidence that noctilucent clouds appear only at high
latitudes in summer and not at all at middle or low latitudes (Fogle, 1966). The
fact that the clouds exist only at high latitudes and only during summer can be
explained in terms of the temperature structure of the mesosphere at these

latitudes.

The acoustic grenade technique provided measurements of atmospheric
temperature, pressure, density and wind profiles as high as the noctilucent cloud

region for the first time. A total of ten grenade soundings were carried out




from Kronogard, Sweden (66N) and Barrow, Alaska (71N) during the summers
of 1963 through 1965 to determine the relationship between the mesospheric
temperature structure and the occurrence of noctilucent clouds. The soundings
at Kronogard were conducted under a cooperative program between NASA and

the Swedish Space Committee.

2. Results and discussion

The results of the Barrow temperature soundings made in August 1965, are
given in Figure 1. These profiles display remarkable uniformity with tempera-
ture variations generally on the order of 3 to 4K from sounding to sounding
throughout the mesosphere. The mesopause temperatures ranged from 132 to
140K and the steep uniform lapse rate typical of the high latitude summer meso-
sphere was observed in all the soundings. The series of four soundings was
initiated during a noctilucent cloud display and completed almost 48 hours later
during the confirmed absence of the clouds. The second and third soundings
werc made during daylight and were intended only to obtain continuity. No sig-
nificant difference in the temperature structure can be seen between the sound-
ings made in the presence and absence of noctilucent clouds. There is almost
no diurnal temperature variation in these profiles. This is not surprising be-
cuuse the upper atmosphere at Barrow is exposed to almost continuous sunlight
during early August and the solar elevation angle at 50 km, for example, varies

only from 30 degrees at noon to 6 degrees at midnight.




The same situation is evident in Figure 2 which shows the noctilucent cloud
and control soundings at Barrow along with a similar pair of soundings made
almost 72 hours apart at Kronogard in 1963. The first sounding at each site was
1auﬁched during a noctilucent cloud display and the second sounding served as a
control sounding, having been carried out in the confirmed absence of the clouds.
In the Barrow case, the minimum temperature of the profile made in the pres-
ence of noctilucent clouds was 139K, 3K warmer than the mesopause temperature
of the control sounding. In the Kronogard case, however, the minimum tempera-
ture of the profile made during the cloud display was 130K, 18K colder than the

mesopause temperature of the control sounding.

Figure 3 shows average temperature profiles for the five soundings con-
ducted during noctilucent cloud displays (solid curve) and the three soundings
conducted during the confirmed absence c;f noctilucent clouds (dashed curve).
The curves do not differ by more than 5K at any point between 45 and 90 km.
The warm stratopause, the steep uniform lapse rate and the extremely cold
mesopause are essentially identical for both profiles. The brackets indicate
the range of temperatures included in the averages at the altitudes shown. In-
cluded in the five soundings conducted during noctilucent cloud displays were
mesopause temperatures which varied from 130 to 147K. In the soundings con-
ducted during the absence of the clouds, the mesopause temperatures ranged
from 129 to 149K. Thus it can be seen that the coldest temperatures did not
necessarily produce noctilucent clouds but the clouds were always accompanied

by mesopause tcmperatures less than 140 to 150K.




There exist two schools of thought concerning the composition of noctilucent
cloud particles. One theory assumes the presence of sufficient water vapor at
the mesopause to form ice coatings on dust particles which serve as condensa-
tion nuclei (Ludlam, 1957). The other theory does not accept the presence of
water vapor and ice coatings, but explains the noctilucent clouds in terms of the
light scattering properties of the dust alone (Diermendjian and Vestine, 1959).
In both cases the dust is believed to originate from the vaporization of incoming
meteors. Sampling experiments such as those discussed by Hemenway et al.
(1964) and Hemenway, Soberman and Witt (1964) have been conducted to resolve
the question of the cloud particle composition, and traces of a volatile substance
believed to be ice were found surrounding many of the larger particles obtained

from a noctilucent cloud.

It is believed, in view of the temperature results reported above, that the
occurrence of noctilucent clouds depends largelv on the amount of water vapor
prese 't at the mesopause assuming that the optical geometry, the dust nuclei
and the cold mesopause typical of the high latitude summer atmosphere exist.
(Though, in fact, these conditions also may vary considerably in both space and
time.) Khvostikov (1966) has postulated that ""Noctilucent clouds appear in the
atmosphere at the place and the time where and when the temperature of the air
turns out to be low enough.' But a given low temperature alone is not sufficient
Lo produce noctilucent clouds unless the low temperature occurs in conjunction
with sufficient water vapor. Thus the variation of the water vapor content of the

high atmosphere must be considered.




Seasonal variations of the mesopause temperature produce not only suffi-
ciently cold conditions for the formation of noctilucent clouds, but also provide
a circulation consistent with the transport of water vapor to the mesopause at
high latitudes in summer. Nordberg and Stroud (1961) reported the high latitude
summertime mesopause to be almost 80K colder than the wintertime mesopause.
This result is confirmed by the average temperature profiles for summer and
winter at high latitudes given in Figure 4. The solid curve represents the aver-
age of 11 winter soundings conducted at Churchill (59N) and Barrow between 1962
and 1965. The dashed curve represents the average of 15 summer soundings con-
ducted at Churchill, Barrow and Kronogardbetween 1962 and 1965 and includes the
10 soundings from Barrow and Kronogarddiscussed earlier. Such results are not
in agreement with what one would expect from purely radiative considerations
since at high latitudes, the summer mesosphere is heated almost 24 hours a day
and the winter mesosphere is dark almost 24 hours a day. Leovy (1964) demon-
strated that a meridional circulation superimposed on an atmosphere in radiative
equilibrium gave good qualitative agreement with the observed seasonal tempera-
ture variations. This meridional circulation caused ascending motion at the
summer pole and descending motion at the winter pole, thereby transferring
heat from the radiatively heated summer upper atmosphere to the heat deficient
winter upper atmosphere. Hesstvedt (1964) used a similar meridional circula-
tion proposed earlier by Murgatroyd and Singleton to explain the presence of
water vapor in the upper atmosphere. This model is also consistent with the

observed teriperature variations. As can be seen in Figure 5, Hesstvedt's




model shows that the source of the water vapor is the tropical troposphere and
that the water vapor enters the stratosphere through the gap in the tropopause.
From this relatively narrow latitudinal band near the equator, air rises to 25 km
altitude, moves meridionally toward the summer pole and then ascends rapidly
at high latitudes. Poleward of 60 dcgrees latitude in the summer hemisphere,
air at 80 km is seen to originate from the equatorial troposphere. Such a model
qualitatively explains both the mechanisms for transporting water vapor to the
summer mesopause and for transferring heat from the summer mesosphere to
the winter mesosphere, thereby accounting for the observed seasonal variations

in the temperature structure.

There is no more reason to believe that water vapor is homogeneously
distributed in the high latitude mesosphere than to believe that such a situation
exists in the troposphere. The meridional circulation shown in Figure 5 repre-
sents the average motion in the stratosphere and mesosphere but this circulation
is subject to frequent and dynamic changes and therefore any assumption of
steady state flow or homogeneous composition is unrealistic. Thus the low
temperatures at the mesopause may not cause noctilucent clouds if there is in-
sufficient water vapor available. The questions of how much water vapor is
available and the magnitude of the vertical velocities necessary to transport the
water vapor to the mesopause must remain unanswered for the present since no
in situ measurements have been made to confirm or to refute the estimates and
extrapolations which various authors have published. As can be seen in Figure

6, Hesstvedt (1962) had estimated the mixing ratio at the mesopause to be 1g kg~ !
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which resulted in a frost point of 172K at 82 km. Hesstvedt (1964) later revised

this value downward to the order of 10 2g kg ! which is in reasonable agreement
with Paton's (1964) estimate of 6 x 10 3z kg~ ! corresponding to a frost point of

150K at 80 km. Charlson (1965) used the 130K temperature measured at Krono-

gard as a conservative approximation to develop a steady state model for nocti-

lucent clouds. Thus the estimates of water vapor content at the mesopause have

grown smaller as the estimates and observations of mesopause temperatures

have become lower.

Figure 6 also compares the frost points for various mixing ratios and a
curve which has been extrapolated from measurements at altitudes reached by
balloon borne instrumentation with the average temperature profile for the five
soundings made during noctilucent cloud displays. Curves A, B and C were
computed for constant mixing ratios using the average pressure profile derived
from the average measured high latitude summertime temperature profile given
in Figure 4. Curve A gives the frost points for a mixing ratio of 10_3g kg~ 1

curve B for 10” 2g kg™ ! and curve C for 10" 'g kg~ L

Badinov et al. (1966) have
extrapolated frost point values from measurements made by various techniques
at balloon altitudes of 28 to 30 km. Badinov's results are given by curve D and
are based on a mixing ratio measured in the stratosphere which he believes

stabilizes with height to a value on the order of 107 3g kg~ L The average tem-

perature profile for the five noctilucent cloud soundings is given by curve E in

Figure 6. The mesopause temperature of 143K corresponds to a saturation




mixing ratio of approximately 1.3 x 10 3g kg ~ .

It must be remembered, how-
ever, that this is an average value of the mixing ratio and that both colder and

warmer temperatures, corresponding to lower and higher saturation mixing

ratios have been measured during the cloud displays.

3. Summary and conclusions

Since no significant difference in the observed temperature structure was
noted between those soundings conducted in the presence of noctilucent clouds
and those conducted in the absence of the clouds, it is concluded that a meso-
pause temperature of less than 140 to 150K is a necessary but not sufficient
condition for the existence of noctilucent clouds. The variation of the water
vapor content at the mesopause is believed to be a key factor in the occurrence
of the clouds. In view of the circulation which is implied by the seasonal tem-
perature differences in the mesosphere, small amounts of water vapor are be-
lieved to be transported by this circulation into the mesosphere during the
summer at high latitudes. There saturation or supersaturation occurs in the
narrow layer at the mesopause where these extremely cold temperatures are
observed. Dust particles, originating from incoming meteors, are believed to
serve as sublimation nuclei in this saturated region and thereby grow to suffi-

cient size to scatter sunlight, producing noctilucent clouds.

Acknowledgements. The authors wish to express their appreciation for the
contributions of: Philip C. Swartz of GSFC for processing the data to final form;

Texas Western College and Globe Exploration Company for providing sound

10




ranging support; New Mexico State University for electronic tracking support;
the Arctic Research Laboratory at Barrow for its overall support; and especially
the Swedish Space Committee for its partnership role in the Kronogard soundings.
Thanks are also due Benson Fogle and his staff of the University of Alaska for

their assistance in observing noctilucent cloud conditions at Barrow.




REFERENCES
Badinov, I. Y., S. D. Andreyev and V. B. Lipatov, 1966: Measurements of
humidity in the upper atmosphere. Izdatel'stvo Nauka, 66-79. Translated

as NASA TT F-10, 303.

Charlson, R. J., 1965: Noctilucent clouds: a steady state model. Quart. J. R.

Meteor. Soc., 91, 517-523.

Diermendjian, D. and E. H. Vestine, 1959: Some remarks on the nature and

origin of noctilucent cloud particles. Planet. Space Sci., 1, 146-153.

Fogle, B., 1966: Noctilucent clouds. Geophysical Institute, Univ. of Alaska,

Scientific Report UAG R-177, College, Alaska.

Hemenway, C. L., E. F. Fullum, R. A. Skrivanek, R. K. Soberman and G. Witt,
1964; Electron microscope studies of noctilucent cloud particles. Tellus,

16, 96-102.

Hemenway, C. L., R. K. Soberman and G. Witt, 1964: Sampling of noctilucent

cloud particles. Tellus, 16, 84-88.

Hesstvedt, E., 1962: On the possibility of ice cloud formation at the mesopause.

Tellus, 14, 290-296.

Hesstvedt, E., 1964: On the water vapor content of the high atmosphere. Geofys.

Publ., 25, 1-18,

12




Khvostikov, I. A., 1966: Present state of the problem of noctilucent clouds.

Izdatel'stvo Nauka, 5-10. Translated as NASA TT F-10, 301.

Leovy, C., 1964: Simple models of thermally driven mesospheric circulation.

J. Atmos. Sci., 21, 327-341.

Ludlam, F. H., 1957: Noctilucent clouds. Tellus, 9, 341-364.

Nordberg, W. and W. G. Stroud, 1961: Seasonal, latitudinal and diurnal variations

in the upper atmosphere. NASA Technical Note D-703.

Paton, J., 1964: Noctilucent clouds. Met. Mag., 93, 161~-179.

13




"G94 | “#snBny Buiinp (N| /) Psb|y ‘mousiog 8aoqgp s3|yyoid ainjpiadwa) *| 2unbiy

Mo) 3YNLIYHIdNTL
08¢ 09¢ ove 0ze 00¢ 081 091 ov1

I ! | ! 1 T I ! I J | T | ! |

q

OTIN ON ‘1S7 0100 DNV 6
ISTGIBIONVY L ¢
1S7 6€60 ONY £

[w3]

oY

0§

09

0/

08

06

(WY) LHDI3H

14




*pIoBOUOLY 1D PBAISSGO SOM 3sI2A3I dY4 ¢nq ‘Apjdsip pno|o
3y BulINp UDY} SPNO|D JUBDN|IO0U JO JDUSSD B} Ul 49p[0d sDm 3snpdosaw moling Y} 4oy BJON  “A|aa1jdadsal
‘Go61 PUD £9g| 4O stowwns ayj Buiinp moiiog pub (N99) uspamg ‘pipBouciy) saoqo sojijoud ainjpiadws) 7 ainbiy

(M.) 3UNLYYIdINTL

AV1dSIa 31N ONI¥NA 1S17 €110 9NV £ ——
G96T-(N.T/) MOYIVd

08209 _0Opz 02z _00c 081 _ 091 Oyl
T T L T T T T T T T T T T
- \\.... JTN ON 1S7 £210 DNV T -eeereene -
y AVdSIG OIN ONIMNA 1S1 8210 ATNM 62 — - —
i / €961-(N.99) A4VYOONOYM
/
RN OTN ON 1S7 07100 9NY 6 = = - - ]

oY

05

09

0L

08

06

M) LHDIIH

(

15




08¢

‘G961~£96] stowwns ayy Bulinp pioBouosy pup moiipg 4o Ippw auam sBulpunos iybie
IV "SPNojo ayy jo adussqp pawiyucd ayy Butinp payonpuod sbuipunos a1y} 104 a|1yoid ainjoiadway aBbiaAp Yt yim

(M.) 34NLYEIdINIL
09¢ Ot¢ 0c¢ 00¢ 081 091 04!
| I ! ! | 1 ] |

S31408d JOVHIAY NI A3ANTONI
7 S3YNLVYYIdINTL 40 FONVY FLVOIANI S1INIvHa

J1IN 40 3IN3ISEY QINHIINOD DONIYNA IAYIN
SONIANNOS € Y04 371408d FOVYIAY —-

G9€961 'SAV1dSIA OTIN HNIYNA JAYIN
SONIANNOS G 404 JT1408d IOVHIANY —

pasodwos sAbjdsip pnojo juson|ijoou Bulnp pajonpuod sBulpunos aAly 10 a|1joid aunyoiadway aBbIaAD 8Yy) ‘g 21nBiy4

06

09

0L

08

06

(AXY) LH9I3H

16




08¢

09¢

*pipBouciy pup moiing (NEG) |11424nyD woly sbuipunos
apn|oul saboiaAp asay] °sa|tjoid ainipiadway SwiHIBUIM PUD dwipIBWWNS 3PNYLID) yb1y poidA| ‘y aunBiy

(M) 34NLVYIdNTL
091 vl
| i

L]

7
/

ove
I

L] ¥ LI i

0c¢ 00¢ om_wﬂ
I 1

SONIANNOS HIWINNS

3ANLILYT HOIH ST 40 JOVHIAY ————
SONIANNOS H3LNIM

3ANLILYT HOIH TT 40 IOVHIAY ——

0}y

06




60

A

20

0
LATITUDE (DEG)

Figure 5. Meridional circulation after Hesstvedt.

1

1
60

MID-SUMMER

(WY) LHOIFH

18

80

MID-WINTER

40

20

40

80




ayj 40y o1joid aunypiadway 9BDIBAD BYY YiIM SIOYIND |RIDAIS Aq seypwiyse juiod ysoiy jo uosiodwory 9 ainBiyg

*sAp|dsip pnojo> jueon|yoou Butinp payonpuod sBulpunos aAly

(M) 3YNLVYIdINTL

091

08¢ 09¢ )4 0cc 00¢ 081
I

T T T T T J T \
G9-€961 'SAV1dSI

TN ONIENA IAavIN SONIANNOS §

" Y404 371408d J4NLYYIdINTL FOVEIAY - 3

(9961) TV 13 AONIAVE Y314V M

0€-8C 1V SINIOd 1S0d4d d3d4NnSvYIiN

(G961) NOSTYVYHO ¥314V LNIOd 1S0¥4e

[(2961) 1AIALSSIH d3L4Y LNIOd 1SOH4Y

WOY4 NOILY10dvd1X3 - @
OM/9 ;-0T=4 Y04 LNIOd 1S0¥4 - O
O%/9,_0T=4 404 LNIOd LSOM4 -8 O
OM/9¢_01= HO4 LNIOd 1S0¥4d - v

(¥961) NOLVd 8314V INIOd LSO¥4m

1 i 1 | L i i 1 i 1

ol
|

0t

ov

05

09

0L

08

06

(WY) 1H9I3H

19




